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(Abstract )
The safety and reliability of Boiling Water Reactors (BWRs) in nuclear power generation are of paramount impor-
tance. BWRs face formidable operational challenges, including harsh radiation environments and seismic vibrations,
which necessitate innovative solutions for continuous monitoring and safety enhancement. Fiber Bragg Grating
(FBG) arrays and optical fibers have emerged as crucial technologies in addressing these challenges. FBG arrays
offer precise real-time monitoring of critical parameters, such as temperature, pressure, and strain, while optical
fibers exhibit resilience to radiation and electromagnetic interference. These technologies are deployed in various
applications within BWRs, from monitoring reactor coolant systems to assessing structural health and fuel rod condi-
tions. The integration of FBG arrays and optical fibers plays a pivotal role in ensuring the ongoing safe and efficient
operation of BWRs, contributing to the broader mission of sustainable and secure energy production.
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Introduction band of light, known as the Bragg wavelength. When the FBG

The FBG sensor is a type of optical filter with a periodic grat-
ing at one part of an optical fiber. Figure 1 shows the princi-
ple. When light with a broad wavelength spread, such as from a
wavelength Swept Light Source (SLD), is injected at one end of
the fiber, only light with a specific wavelength (called the filter
wavelength) is reflected by the FBG sensor part, and light at
other wavelengths passes through to the other end.

Fiber Bragg Grating (FBG) sensors are advanced optical devices
used for precise and distributed measurements of various physi-
cal parameters. These sensors consist of a section of optical fiber
that has been modified to contain periodic variations in its re-
fractive index along its length. These periodic variations act as a
wavelength-specific filter, allowing the fiber to reflect a narrow
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sensor is subjected to external stimuli such as strain, tempera-
ture, pressure, or vibration, these physical changes cause a shift
in the Bragg wavelength. By measuring this wavelength shift
with high accuracy using optical interrogation systems, FBG
sensors can provide real-time, reliable, and distributed sensing
capabilities. FBG sensors offer numerous advantages, including
high sensitivity, immunity to electromagnetic interference, mul-
tiplexing capability, and compatibility with harsh environments.
These characteristics make FBG sensors invaluable for a wide
range of applications, including structural health monitoring,
temperature and strain sensing, pressure and flow measurement,
and environmental monitoring, across industries such as aero-
space, civil engineering, energy, and healthcare.
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Figure 1: Principle of FBG sensor
(Source: Courtesy of https://www.anritsu.com/en-us/sensing-devices/guide/fibersensing1)

For almost thirty years, there has been research and development
focused on the use of optical fibers as sensors. The following
benefits of optical fiber sensing—a measurement technique that
uses optical fiber sensors—provide a way to address certain is-
sues with electrical sensors.

Benefits of Optical Fiber Sensing

The sensor has no power source.

Remote detection.

Not impacted by electromagnetic interference or radiation fluence
Explosion-proof and resistant to lightning

* ¥ % % €

By measuring physical quantities like strain and displacement,
optical fiber sensing has a wide range of applications in many
different fields, such as the security of vital infrastructure, like
airports, and the structural health monitoring of buildings, wind
turbines, and power transmission lines. Additionally, it facil-
itates industrial facility maintenance and power transmission
monitoring by detecting physical quantities like.

Recent, consideration of utilizing FBGs strings for monitoring
in core activities such as water and power level monitoring by
universities such as Ohio State University (OSU) in type of nu-
clear reactor such as Boiling Water Reactor (BWR) has drawn
more and more attention by nuclear reactor manufacturing from
Fission to Fusion power plants as well [1, 2].

Application of Fiber Bragg Grating within Boiling Water
Reactors

The safety and reliability of nuclear power plants are paramount
concerns in the energy industry. Boiling Water Reactors (BWRs)
are a commonly used nuclear reactor design, and their contin-
uous operation is critical for supplying electricity to millions
of people. One of the most challenging aspects of maintaining
BWR safety is the harsh radiation environment and seismic vi-
brations to which these reactors are subjected. Fiber Bragg Grat-
ing (FBG) arrays and optical fibers have emerged as promising
technologies to address these challenges and enhance the safety
and monitoring systems within BWRs.

Furthermore, Nuclear power has long been a critical source of
electricity, providing a substantial portion of the world's ener-
gy needs. Among the various nuclear reactor designs, Boiling
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Water Reactors (BWRs) have earned a prominent place in the
global energy landscape. BWRs harness the energy of nuclear
fission to produce steam, which in turn powers turbines to gen-
erate electricity. However, while these reactors are indispensable
for electricity production, they face a unique set of operational
challenges, primarily stemming from the harsh radiation environ-
ment and the ever-present threat of seismic vibrations. In the quest
to ensure the safety and reliability of BWRs, innovative technol-
ogies like Fiber Bragg Grating (FBG) arrays and optical fibers
have emerged as essential tools to address these challenges.

The Crucial Role of BWRs

Boiling Water Reactors, or BWRs, play an integral role in the
global energy mix. Their operation is predicated on the conver-
sion of nuclear energy into electrical power, a process that has
provided clean and dependable electricity for millions of people
for decades. The core principle of BWR operation involves the
use of enriched uranium fuel rods submerged in water. Nuclear
reactions within these fuel rods release a tremendous amount
of energy, heating the surrounding water and causing it to boil.
The resulting steam is then channeled to drive turbines, which,
in turn, generate electricity. The reliable operation of BWRs is
imperative to meet the energy demands of a constantly growing
world population.

Challenges in BWR Operation

While BWRs offer substantial benefits, they are not without their
unique operational challenges, primarily associated with the de-
manding environment within the reactor. Two critical challenges
stand out:

Harsh Radiation Environment: BWRs inherently generate a
formidable radiation environment due to the nuclear fission re-
actions occurring within the reactor core. This radiation poses
a significant risk to both electronic components and sensors, as
it can degrade their performance and reliability over time. Such
degradation can result in critical monitoring and control systems
malfunctioning, potentially leading to operational errors and
safety concerns.

Seismic Vibrations: Another crucial challenge is the omnipres-
ent threat of seismic activity. BWRs are often located in regions
prone to earthquakes and other seismic events. The dynamic

Nov Joun of Appl Sci Res 2024



forces generated by these seismic events can have a profound
impact on the structural integrity of the reactor and its associated
systems. As a result, it is vital to ensure that the reactor's crit-
ical components and monitoring systems remain resilient and
operational even during seismic events to prevent catastrophic
failures.

Radiation Resistance of FBGs Under Intense Reactor Irradiation
Radiation-Induced Attenuation (RIA) of light and Radiation-In-
duced Shift (RIS) of the resonant wavelength in Fiber Bragg Grat-
ings (FBGs) during reactor operation and its irradiation up to a neu-
tron fluence of 4.8 x 1020 neutron/cm2 (flux density 2.87 x 1014
neutron cm-2 s-1) and gamma dose of 2.3 x 109 Gy (dose rate 1.4
kGy/s) are studied by scientific community around the world [3].

“The FBGs were fabricated by femtosecond writing in radia-
tion-resistant optical fibers (OFs) with an undoped silica glass
core, as well as by UV writing in a standard germanosilicate
OFs (SMF-28). The RIS of the resonant wavelength of the grat-
ing was 2.5-3.4 nm for all studied samples (except FBGs with
a polyimide coating), which, apparently, is due to radiation-in-
duced compaction of the silica glass matrix. In FBGs written
through a polyimide coating, an anomalously large RIS was
found in the short-wavelength spectral region (by ~1.5%), which
linearly depended on the neutron fluence. Such a large shift, ap-
parently, is due to the shrinkage of the polyimide coating under
exposure to intense gamma-neutron radiation at high tempera-
ture in vacuum, which, even at a small coating thickness (~10
um), leads to a significant compression of the region of the OF
with the grating. Experiments have shown that, under such in-
tense radiation, FBGs written in radiation-resistant optical fibers
with a protective copper coating are preferable for practical use;
FBGs with a polyimide coating can presumably be regarded as
dosimeters; and germanosilicate fibers with FBGs are unsuitable
due to significant RIS (~2 dB/cm)” [3].

Note: Milligray is a derived metric (SI) measurement unit of
absorbed radiation dose of ionizing radiation, e.g., X-rays. The
SI prefix milli stands for one thousandth. The milligray is equal
to one thousandth of a gray (10-3Gy), and the gray is defined as
the absorption of one joule of ionizing radiation by one kilogram
(1 J/kg) of matter, e.g., human tissue.

Fiber Bragg Grating (FBG) sensors have gained prominence
in radiation-hardened applications, where exposure to ionizing
radiation, such as gamma rays and neutron flux, is a concern.
The integration of FBG sensors in harsh radiation environments
requires careful consideration of sensor design, material selec-
tion, and protective measures to ensure reliable performance
and longevity. In this expansion, we explore the challenges and
strategies associated with FBG sensors' radiation hardening,
along with their applications in nuclear reactors and other radia-
tion-prone environments.

1. Challenges in Radiation Environments: Radiation expo-
sure can induce various detrimental effects on FBG sensors,
including optical transmission loss, wavelength drift, and
mechanical degradation. lonizing radiation interacts with
the silica-based optical fiber and its surrounding materials,
leading to the formation of color centers, point defects, and
structural modifications. These radiation-induced effects
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can degrade the optical properties of the fiber, affecting the
stability and accuracy of FBG sensors over time.

2. Material Selection and Radiation Resistance: The selec-
tion of radiation-resistant materials is critical for enhancing
FBG sensor survivability in radiation environments. Sili-
ca-based optical fibers, with their inherent radiation resis-
tance, form the backbone of FBG sensor technology. Addi-
tionally, protective coatings and packaging materials, such
as polyimide, metal, or ceramic enclosures, provide addi-
tional shielding against radiation-induced damage. These
materials help minimize optical loss, prevent wavelength
drift, and maintain the mechanical integrity of FBG sensors
under prolonged exposure to ionizing radiation.

3. Design Considerations for Radiation Hardening: Design-
ing radiation hardened FBG sensors involves optimizing sen-
sor configurations, fiber coatings, and packaging techniques to
withstand the harsh radiation environment. FBG sensors may
incorporate redundant sensing elements, distributed sensor
arrays, or wavelength-stabilization techniques to mitigate the
effects of radiation-induced drift. Furthermore, hermetic seal-
ing and robust packaging designs protect FBG sensors from
moisture ingress, chemical exposure, and mechanical stress,
ensuring long-term reliability in radiation-prone applications.

4. Applications in Nuclear Reactors: FBG sensors find
widespread applications in nuclear reactors for monitoring
temperature, strain, pressure, and radiation levels. In Boil-
ing Water Reactors (BWRs) and Pressurized Water Reactors
(PWRs), FBG sensors are deployed in core monitoring sys-
tems, structural health monitoring systems, and safety in-
strumentation to enhance operational safety and efficiency.
By providing real-time data on reactor conditions and per-
formance, radiation hardened FBG sensors enable proactive
maintenance, accident prevention, and regulatory compli-
ance in nuclear power plants.

5. Emerging Trends and Future Directions: Ongoing re-
search and development efforts focus on advancing FBG sen-
sor technology for radiation-hardened applications. Emerging
trends include the development of novel materials, advanced
coatings, and innovative packaging techniques to enhance
sensor durability and performance in extreme radiation en-
vironments. Additionally, advancements in signal processing
algorithms, data fusion techniques, and wireless communi-
cation systems enable real-time monitoring and remote op-
eration of FBG sensor networks in radiation-prone facilities.

In conclusion, radiation-hardened FBG sensors offer a versatile
and reliable solution for monitoring critical parameters in nu-
clear reactors and other radiation-prone environments. By ad-
dressing the challenges of radiation exposure through material
selection, design optimization, and protective measures, FBG
sensors contribute to enhanced safety, efficiency, and reliability
in high-radiation applications. Continued research and innova-
tion in FBG sensor technology hold promise for further improv-
ing sensor performance and expanding their applications in chal-
lenging radiation environments.

FBG Arrays and Optical Fiber Resilience

To address the issues of radiation resistance and seismic resil-
ience in BWRs, scientists and engineers have turned to Fiber
Bragg Grating (FBG) arrays and optical fibers, which offer sev-
eral key advantages: See Figure-2
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Radiation Resistance: Optical fibers are inherently immune to
the harmful effects of ionizing radiation, making them an ideal
choice for sensing and monitoring systems in nuclear environ-
ments. FBGs, a specific type of optical sensor, can endure high
levels of radiation without suffering degradation, ensuring reli-
able and consistent performance even in the harshest conditions.

Precision Sensing: FBGs are highly precise optical sensors
capable of measuring various physical parameters, including
temperature, pressure, strain, and vibration. By strategically de-

ploying FBG arrays within a BWR, operators can continuously
monitor essential parameters with unparalleled accuracy, ensur-
ing the reactor's safe and efficient operation.

Real-time Monitoring: FBG sensors provide real-time moni-
toring capabilities, enabling operators to detect and respond to
changes in reactor conditions promptly. This capability is essen-
tial for safety and can help prevent accidents or operational fail-
ures by allowing swift corrective action.

Incident spectrum
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Figure 2: Fiber Bragg grating's (FBG) Fundamental Operation Principle
(Source: Courtesy of Fiber Bragg Gratings (FBGs). Developer and Manufacturer, Germany/Belgium)

Real-time Monitoring: FBG sensors provide real-time moni-
toring capabilities, enabling operators to detect and respond to
changes in reactor conditions promptly. This capability is essen-
tial for safety and can help prevent accidents or operational fail-
ures by allowing swift corrective action.

Seismic Resilience: Optical fibers, being highly flexible, can be
seamlessly integrated into the structural elements of the reac-
tor to monitor seismic vibrations and assess structural integrity.
FBG arrays offer invaluable data on how the reactor responds to
seismic events, facilitating the development of effective safety
measures to mitigate the potential risks associated with seismic
activity.

Data Security: Optical fibers are immune to electromagnetic
interference, which ensures the security and integrity of data
transmitted by these systems. This is crucial for maintaining ac-
curate monitoring and control systems within BWRs, as it helps
guarantee that data remains uncorrupted and reliable.

In essence, the utilization of FBG arrays and optical fibers has
the potential to transform safety and monitoring systems within
BWRs, making them more robust and reliable in the face of radi-
ation and seismic challenges. As the nuclear energy sector con-
tinues to evolve, the integration of these innovative technologies
is likely to play a pivotal role in ensuring the continued safe and
efficient operation of these essential power plants.

Understanding Boiling Water Reactors (BWRs)
Understanding Boiling Water Reactors (BWRs) (i.e., Figure-3)
is essential for comprehending their vital role in nuclear pow-
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er generation. BWRs are a type of nuclear reactor designed to
produce electricity through a combination of nuclear fission and
steam generation. Within a BWR, fuel rods containing enriched
uranium are submerged in a pool of water, and the heat gener-
ated by nuclear reactions causes the water to boil and produce
steam. This steam, in turn, drives turbines, ultimately generating
electrical power. BWRs have been a prominent fixture in the
global energy landscape, providing clean and reliable electricity,
but their operation also presents unique challenges, such as man-
aging the harsh radiation environment and seismic vibrations,
which necessitate advanced monitoring and safety measures.

Boiling Water Reactors (BWRs) are a type of nuclear reactor
used to generate electricity. These reactors use a combination of
nuclear fission and steam generation to produce electrical power.
Within a BWR, fuel rods are immersed in a pool of water, and
the heat generated from nuclear reactions causes the water to
boil and produce steam. This steam is then used to drive tur-
bines, ultimately generating electricity [4, 5].

Challenges in BWR Operation

Challenges in Boiling Water Reactor (BWR) operation are mul-
tifaceted and demand constant attention to ensure safety and
reliability. One of the most significant challenges is the harsh
radiation environment generated by the nuclear fission reactions
within the reactor core. This radiation can damage and degrade
electronic components and sensors, posing a risk to the perfor-
mance and longevity of critical monitoring and control systems.
Additionally, the ever-present threat of seismic vibrations in re-
gions prone to earthquakes and other seismic events can impact
the structural integrity of the reactor and associated systems,
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necessitating robust engineering solutions to ensure resilience
and prevent catastrophic failures. Addressing these challenges is
crucial to maintaining the safe and efficient operation of BWRs,
which are essential for providing electricity to countless com-
munities worldwide.

Furthermore, BWRs, like all nuclear reactors, face several chal-
lenges to ensure their safe operation. One of the most significant
challenges is the harsh radiation environment generated by nu-
clear fission reactions. This radiation can damage and degrade
electronic components and sensors, making it challenging to
monitor and control the reactor.
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Figure 3: Typical Pressure Vessel of Boiling Water Reactor
(Source: www.NRC.gov)

Seismic vibrations are another concern in regions with seismic
activity. These vibrations can impact the structural integrity of
the reactor and associated systems, potentially leading to cata-
strophic events if not adequately addressed.

However, as we stated in above, the challenges in Boiling Water
Reactor (BWR) operation are multi-faceted and require vigilant
management to ensure safety and efficiency. A prominent chal-
lenge lies in the harsh radiation environment generated by nucle-
ar fission reactions within the reactor core, which can adversely
affect electronic components and sensors, potentially compro-
mising the reliability of crucial monitoring and control systems.

Furthermore, BWRs often operate in regions susceptible to
seismic activity, necessitating robust structural engineering to
withstand the dynamic forces of earthquakes, safeguarding the
reactor's integrity, and ensuring uninterrupted power generation.

Addressing these challenges is imperative to guarantee the con-
tinuous and secure operation of BWRs, which serve as vital
sources of electricity worldwide.

FBG Arrays and Optical Fiber Resiliency
Fiber Bragg Grating (FBG) arrays and optical fiber resilience
represent a significant advancement in the field of sensing and
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monitoring technologies. FBG arrays, in particular, to offer the
capability to precisely measure various physical parameters,
such as temperature, pressure, strain, and vibration, with excep-
tional accuracy. Optical fibers, in general, are known for their
remarkable resilience, as they are impervious to the damaging
effects of ionizing radiation and electromagnetic interference.
This resilience makes optical fibers, and by extension, FBGs,
ideal choices for applications in harsh environments, including
nuclear reactors and seismic-prone areas. Their ability to with-
stand extreme conditions while providing real-time monitoring
and data security ensures their effectiveness in enhancing safety
and reliability across a wide range of critical industries and ap-
plications.

Moreover, FBG arrays and optical fiber resilience represent a
transformative development in sensing and monitoring technol-
ogies. Fiber Bragg Grating (FBG) arrays are highly precise op-
tical sensors capable of measuring a variety of physical param-
eters with exceptional accuracy, such as temperature, pressure,
strain, and vibration. Optical fibers, renowned for their robust-
ness, are immune to ionizing radiation and electromagnetic in-
terference, rendering them ideal for applications in challenging
environments, including nuclear reactors and seismic regions.
This inherent resilience allows FBGs and optical fibers to pro-
vide real-time monitoring and data security, making them indis-
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pensable tools in enhancing safety and reliability across critical
industries and applications.

To mitigate the challenges posed by radiation and seismic vibra-
tions, engineers and scientists have turned to Fiber Bragg Grat-
ing (FBG) arrays and optical fibers. These technologies offer
several key advantages:

1. Radiation Resistance: Optical fibers are inherently im-
mune to the harmful effects of ionizing radiation, making
them an excellent choice for sensing and monitoring sys-
tems in nuclear environments. FBGs, in particular, to have
the ability to withstand high levels of radiation without
degradation, ensuring reliable performance in the harshest
conditions. “Because of their small size, passive nature, im-
munity to electromagnetic interference, and capability to di-
rectly measure physical parameters such as temperature and
strain, fiber Bragg grating sensors have developed beyond
a laboratory curiosity and are becoming a mainstream sens-
ing technology. Recently, high temperature stable gratings
based on regeneration techniques and femtosecond infrared
laser processing have shown promise for use in extreme en-
vironments such as high temperature, pressure, or ionizing
radiation. Such gratings are ideally suited for energy pro-
duction applications where there is a requirement for ad-
vanced energy system instrumentation and controls that are
operable in harsh environments”. [6]

2. Precision Sensing: FBGs are optical sensors that can mea-
sure various physical parameters such as temperature, pres-
sure, strain, and vibration with high precision. By deploy-
ing FBG arrays strategically within a BWR, operators can
continuously monitor critical parameters to ensure safe and
efficient operation.

3. Real-time Monitoring: FBG sensors offer real-time moni-
toring capabilities, allowing operators to detect and respond
to changes in reactor conditions promptly. This capability is
essential for safety and can help prevent accidents or fail-
ures.

4. Seismic Resilience: Optical fibers are highly flexible and
can be installed throughout the reactor structure to monitor
seismic vibrations and structural integrity. FBG arrays can
provide data on the reactor's response to seismic events, aid-
ing in the development of effective safety measures.

5. Data Security: Optical fibers are also immune to electro-
magnetic interference, ensuring data security and integrity.
This feature is crucial for maintaining accurate monitoring
and control systems in BWRs.

Applications in BWRs

FBG arrays and optical fibers can be deployed in various critical

areas of a BWR, including:

1. Temperature and Pressure Monitoring: FBGs can be
used to monitor temperature and pressure in reactor coolant
systems, helping to prevent overheating or system failures.

2. Structural Health Monitoring: Optical fibers can be inte-
grated into the reactor's structure to continuously assess its
condition and detect potential weaknesses due to seismic
vibrations.

3. Fuel Rod Monitoring: FBGs can be used to monitor the
condition of fuel rods and detect potential issues, ensuring
safe and efficient nuclear fuel management.
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4. Identifying Leak Detection: Fiber Bragg Grating (FBG)
technology can be effectively utilized as a tool to detect and
identify leaks in various systems, playing a crucial role in
monitoring and maintaining the integrity of structures and
pipelines.

The applications of Fiber Bragg Grating (FBG) arrays and op-
tical fibers in Boiling Water Reactors (BWRs) are diverse and
vital for ensuring the safety and efficiency of these nuclear
power plants. These technologies can be strategically deployed
in various critical areas within a BWR. They enable continu-
ous monitoring of essential parameters such as temperature,
pressure, and strain in reactor coolant systems, aiding in the
prevention of overheating and system failures. Additionally,
optical fibers can be integrated into the reactor's structure to
assess structural health and detect potential weaknesses due to
seismic vibrations.

Furthermore, FBGs can monitor the condition of fuel rods,
ensuring safe and efficient nuclear fuel management. These
applications collectively contribute to the safe and reliable
operation of BWRs, playing a pivotal role in the energy in-
dustry's commitment to providing clean and sustainable elec-
tricity.

In summary, the use of Fiber Bragg Grating (FBG) arrays and
optical fibers in Boiling Water Reactors (BWRs) represents a
significant advancement in enhancing nuclear reactor safety.
These technologies provide reliable and real-time monitoring
capabilities in the face of harsh radiation environments and seis-
mic vibrations, contributing to the prevention of accidents and
improving the overall resilience of BWRs. As the nuclear energy
industry continues to evolve, the adoption of FBG arrays and op-
tical fibers will play a vital role in ensuring the safe and efficient
operation of these crucial power plants.

Applications of FBG Driving Leak Detection in Piping
Transporting Liquid or Confined Vessel

Fiber Bragg Grating (FBG) technology can be effectively uti-
lized as a tool to detect and identify leaks in various systems,
playing a crucial role in monitoring and maintaining the integri-
ty of structures and pipelines. Here’s how FBG technology can
be applied in leak detection:

1. Principle of Operation: FBG sensors work by reflecting spe-
cific wavelengths of light, which shift in response to changes in
strain and temperature. When a leak occurs, it can cause changes
in the local environment around the sensor, such as tempera-
ture fluctuations or physical strain, which the FBG can detect
through a shift in the reflected wavelength.

2. Pipeline Monitoring: In pipelines transporting liquids or gas-

es, FBG sensors can be strategically placed along the length of

the pipeline. The sensors can detect changes in pressure, tem-

perature, and strain, which are indicative of a leak. For instance:

¢ Temperature Change: A leak can cause the local tempera-
ture to drop or rise, depending on the temperature of the
escaping substance relative to the surrounding environment.

e Strain Variation: The escaping fluid might cause a local-
ized change in strain on the pipeline's structure due to pres-
sure differences.
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3. Structural Health Monitoring: FBG sensors can be em-
bedded in or attached to the structure of tanks, reactors, or con-
tainment vessels to detect leaks. They provide continuous mon-
itoring and can alert operators to the precise location of a leak,
allowing for rapid response and mitigation.

4. Applications in Nuclear Reactors: In nuclear reactors, the
detection of leaks is critical for safety and operational integrity.
FBG sensors can be used to monitor coolant systems, reactor
containment structures, and spent fuel storage areas. They pro-
vide real-time data on structural integrity and environmental
conditions, enabling the early detection of leaks.

5. Advantages of FBG for Leak Detection:

High Sensitivity: FBG sensors are highly sensitive to minute

changes in strain and temperature, making them ideal for early

leak detection.

e Distributed Sensing: Multiple FBG sensors can be mul-
tiplexed along a single optical fiber, providing distributed
sensing capabilities over large areas or long distances.

*  Durability: FBG sensors are resistant to harsh environ-
ments, including high radiation, extreme temperatures,
and corrosive conditions, making them suitable for use in
challenging settings such as nuclear reactors and chemical
plants.

e Real-time Monitoring: FBG systems provide continuous
real-time monitoring, enabling immediate detection and re-
sponse to leaks.

6. Case Studies and Implementations:

Several case studies and implementations demonstrate the effec-

tiveness of FBG sensors in leak detection:

* Oil and Gas Pipelines: FBG sensors have been deployed
in pipelines to detect leaks and monitor structural integrity,
significantly reducing the risk of environmental contamina-
tion and economic loss.

e Water Distribution Systems: Municipal water systems use
FBG sensors to detect leaks in water mains and distribution
pipes, helping to conserve water and reduce maintenance
costs.

e Industrial Storage Tanks: FBG sensors monitor the struc-
tural health of storage tanks containing hazardous chemi-
cals, ensuring early detection of leaks and preventing poten-
tial environmental hazards.

7. Future Directions:

The future of FBG technology in leak detection lies in further
advancements in sensor design, data analytics, and integration
with Al and ML algorithms. These enhancements will improve
the sensitivity, accuracy, and reliability of leak detection sys-
tems, making FBG sensors an indispensable tool in maintaining
the safety and integrity of critical infrastructure.

In summary, Fiber Bragg Grating (FBQG) technology offers a ro-
bust and reliable solution for leak detection across various in-
dustries, including oil and gas, water distribution, and nuclear
energy. Its ability to provide real-time, distributed, and high-sen-
sitivity monitoring makes it an essential component in modern
infrastructure maintenance and safety systems.
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Applications of FBG Driving Core Flow Measurement in
ABWRs

Enhancing core flow measurement in the Advanced Boiling
Water Reactor (ABWR) is crucial for safe and efficient nuclear
power plant operation. One technique employed for this purpose
is the Cross Plate Differential Pressure (CPdP) method. CPdP is
utilized to measure important parameters such as core power and
axial power shape within the reactor core. By analyzing the dif-
ferential pressure across specially designed plates placed within
the reactor, this technique provides insights into the distribution
of power and flow, helping operators better understand and con-
trol the reactor's performance. Accurate core flow measurement
and power distribution assessment are vital for optimizing reac-
tor safety, efficiency, and overall performance in nuclear power
plants, making techniques like CPdP essential tools in the oper-
ation of ABWRs.

CPdP methodology analysis helps to reduce Core Flow Uncer-
tainty in a Natural Circulation type ABWR type core. Moreover,
the Cross Plate Differential Pressure (CPdP) technique and sim-
ilar methods can help reduce core flow uncertainty in a natural
circulation type ABWR core. In natural circulation reactors like
ABWREs, core flow is primarily driven by buoyancy forces rath-
er than mechanical pumps. This can introduce complexities and
uncertainties in predicting and controlling core flow. The CPdP
technique, by measuring differential pressure across specially
designed plates placed within the core, provides valuable infor-
mation about flow patterns and power distribution.

By analyzing the data from CPdP measurements, operators can
gain a better understanding of how coolant is circulating with-
in the core, which can help reduce uncertainties related to core
flow. This information can be used to optimize reactor operation,
ensure adequate cooling of fuel assemblies, and maintain safe
and efficient operation. It can also aid in detecting anomalies
or deviations from expected flow patterns, allowing for timely
corrective actions to be taken.

Reducing core flow uncertainty is essential in maintaining the
safety and performance of natural circulation ABWRs type re-
actor, and techniques like CPdP plays a crucial role in achieving
this goal.

The application of Fiber Bragg Grating (FBG) technology can
be an innovative approach to measure Cross Plate Differential
Pressure (CPdP) in nuclear reactors and other industrial settings.
FBGs are optical sensors that use the principle of Bragg diffrac-
tion to measure strain, temperature, and pressure changes in var-
ious structures and environments. They offer several advantages
when it comes to CPdP measurements:

1. High Sensitivity: FBGs are highly sensitive to pressure
changes, making them suitable for capturing even small dif-
ferential pressure variations.

2. Remote Sensing: FBGs are optical sensors, which means
they can be used for remote and distributed sensing, allow-
ing measurements to be taken at multiple points across the
cross plates without the need for additional electrical ca-
bling.

3. Immunity to Electromagnetic Interference: FBGs are
immune to electromagnetic interference, which is particu-
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larly advantageous in nuclear reactor environments where
electromagnetic noise can be a concern.

4. Temperature Compensation: FBGs can provide simulta-
neous measurements of pressure and temperature, which is
crucial for accurately assessing differential pressure chang-
es in reactor cores where temperature variations are signif-
icant.

5. Long-Term Stability: FBGs are known for their long-term
stability and reliability, making them suitable for continu-
ous and extended monitoring in nuclear reactors.

By embedding FBGs in specially designed cross plates within
the reactor core, it is possible to create a robust and innovative
system for measuring CPdP with high accuracy and reliability.
This approach can contribute to enhanced safety and perfor-
mance in nuclear reactors and other critical industrial applica-
tions.

Fiber Bragg Grating Incore Application Driving Instrumen-
tation Within LMRs, MSRs and SFRs Type Reactor

It is important to mention that in recent years with increase in
resiliency and survivability of Fiber Bragg Gratings (FBGs) in
harsh environment Incore of reactors such as Liquid Metal Re-
actors (LMRs) types such as Molten Salt Reactors (MSRs) or
Sodium-cooled Fast Reactors (SFRs), commonly referred to as
Natrium reactors, is under serious consideration [2].

Fiber Bragg Grating (FBG) sensors can be used in various ap-
plications as we mentioned, including in-core instrumentation
within Liquid Metal Reactor (LMR) types such as Molten Salt
Reactors (MSRs) or Sodium-cooled Fast Reactors (SFRs), com-
monly referred to as Natrium reactors [2].

The unique characteristics of FBG sensors make them suitable
for harsh environments, such as those found in nuclear reactors.
They can withstand high temperatures and harsh radiation con-
ditions, making them potentially useful for in-core instrumenta-
tion where traditional sensors might face challenges.

In the context of liquid metal reactors like MSRs or Natrium
reactors, FBG sensors could be employed for monitoring param-
eters like temperature, pressure, or strain within the reactor core.
The ability of FBGs to provide real-time and precise measure-
ments could contribute to enhanced safety and control of these
advanced reactor systems.

However, it is essential to note that the specific design and oper-
ational requirements of each reactor type need to be considered
when implementing any sensing technology. While FBG sensors
offer promising capabilities, their application in nuclear reactors
requires careful consideration of factors such as the chemical en-
vironment, temperature extremes, and the overall reactor design.

Collaborative efforts between experts in nuclear engineering and
fiber optic sensing technologies are crucial for the successful in-
tegration of FBGs in these advanced reactor systems.

Utilization of Artificial Intelligence, Machine Learning and
Deep Learning (AI/ML/DL)

Artificial Intelligence (AI) and Machine Learning (ML), includ-
ing Deep Learning (DL), can significantly enhance the capabil-
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ities of Optical Fiber Based Gamma Thermometer (OFBGT)
systems in several ways:

1. Anomaly Detection and Predictive Maintenance: Al and
ML algorithms can analyze historical data from OFBGT
systems to identify patterns and anomalies in gamma radia-
tion levels. By detecting deviations from normal operating
conditions, these algorithms can predict potential equipment
failures or radiation events, enabling proactive maintenance
and risk mitigation strategies.

2. Optimization of Sensor Placement and Configuration:
Al and ML techniques can optimize the placement and
configuration of FBG sensors within OFBGT systems to
maximize sensitivity and coverage. By analyzing spatial
and temporal variations in gamma radiation levels, these al-
gorithms can identify optimal sensor locations and deploy-
ment strategies to ensure comprehensive monitoring and
detection capabilities.

3. Adaptive Calibration and Calibration-Free Techniques:
Al and ML algorithms can adaptively calibrate OFBGT
systems based on real-time feedback from sensor measure-
ments and environmental conditions. Additionally, ML-
based calibration-free techniques can learn and compensate
for sensor drift, temperature variations, and other factors
that may affect measurement accuracy, thereby reducing
the need for manual calibration and improving long-term
performance.

4. Real-Time Decision Support and Alerting: Al and ML
models can provide real-time decision support and alert-
ing capabilities for OFBGT systems, enabling operators to
respond promptly to abnormal radiation events or safety
hazards. By integrating with control systems and communi-
cation networks, these models can prioritize alerts, recom-
mend appropriate actions, and facilitate timely communica-
tion with stakeholders.

5. Data Fusion and Integration with Other Sensor Systems:
Al and ML techniques enable the fusion and integration of
data from OFBGT systems with other sensor modalities,
such as temperature sensors, pressure sensors, and video
surveillance cameras. By combining multi-modal sensor
data, these algorithms can provide a comprehensive under-
standing of radiation events, environmental conditions, and
operational parameters, enhancing situational awareness
and decision-making capabilities.

6. Continuous Learning and Adaptation: Al and ML al-
gorithms can continuously learn and adapt to evolving
environmental conditions, radiation sources, and system
dynamics. By leveraging feedback loops and online train-
ing techniques, these algorithms can update and refine their
models over time, improving accuracy, robustness, and reli-
ability in challenging and dynamic operating environments.

In summary, Al and ML techniques offer powerful tools for en-
hancing the capabilities of Optical Fiber Based Gamma Ther-
mometer (OFBGT) systems, enabling proactive monitoring,
predictive maintenance, real-time decision support, and integra-
tion with other sensor systems. By leveraging the synergy be-
tween AI/ML and OFBGT technologies, operators can optimize
radiation monitoring and management strategies, enhance safety
and efficiency, and ensure regulatory compliance in nuclear and
radioactive environments.
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Conclusion

In conclusion, the integration of Fiber Bragg Grating (FBG) ar-
rays and optical fibers represents a remarkable leap forward in
enhancing the safety and monitoring systems within Boiling Wa-
ter Reactors (BWRs). These nuclear power plants are integral to
meeting the world's energy needs, but they are not without their
operational challenges. Harsh radiation environments generated
by nuclear fission reactions and the ever-present threat of seis-
mic vibrations demand advanced technologies to ensure their
resilience and reliability.

FBG arrays and optical fibers offer an elegant solution to these
challenges. Their exceptional radiation resistance, precision
sensing capabilities, real-time monitoring, and data security
make them invaluable assets in the pursuit of reactor safety. By
deploying FBGs to monitor critical parameters like temperature,
pressure, and strain, operators can maintain a watchful eye on
the reactor's health, taking preventive action before issues esca-
late. Optical fibers, which are immune to radiation and electro-
magnetic interference, serve as a resilient network for transmit-
ting data securely.

Moreover, FBG arrays and optical fibers can be integrated into
the structural elements of the reactor, enabling continuous as-
sessment of its condition and responses to seismic vibrations.
This allows for the development of more effective safety mea-
sures, reducing the risk associated with seismic events.

As the nuclear energy industry continues to evolve and adapt
to meet global energy demands while addressing environmen-
tal concerns, the role of FBG arrays and optical fibers is poised
to become increasingly significant. Their use contributes to the
enduring safety and efficiency of BWRs and other critical in-
frastructure. With these technologies, we take a significant step
towards a sustainable and secure energy future, where nuclear
power can continue to play a pivotal role in meeting our energy
needs while safeguarding the environment and public safety.

In conclusion, the integration of Artificial Intelligence (Al) and
Machine Learning (ML), including Deep Learning (DL), with
Optical Fiber Based Gamma Thermometer (OFBGT) systems
represents a significant advancement in radiation monitoring
and management. By harnessing the power of AI/ML algo-
rithms, OFBGT systems can achieve enhanced capabilities in
anomaly detection, predictive maintenance, sensor optimization,
real-time decision support, data fusion, and continuous learn-
ing. This synergy between AI/ML and OFBGT technologies
enables operators to improve safety, efficiency, and regulatory
compliance in nuclear and radioactive environments, ultimate-
ly contributing to the advancement of radiation monitoring and
management practices.
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